T he scope of B cell abnormalities in HIV-infected patients, first described almost 20 years ago (1), has come to define a pervasive paradigm in HIV infection, namely that of immunodeficiency in the setting of virus-driven immune activation. Hallmarks of B cell abnormalities in HIV disease include hypergammaglobulinemia (2-4), increased expression of activation markers (5), increased levels of autoantibodies (6, 7), increased risk of developing B cell lymphomas (8), and decreased responsiveness to in vivo vaccination and ex vivo stimulation (9, 10). The range of defects in B cell responses includes both T cell-dependent and -independent pathways (1, 11, 12), suggesting that along with defects in CD4 ϩ T cell help, HIV infection causes intrinsic B cell defects. Recent studies have shown that the majority of these abnormalities are attributable to ongoing viral replication and are reversible by the suppression of plasma viremia with effective antiretroviral therapy (2, 6, 13-15). In light of similar abnormalities described in the CD4 ϩ and CD8 ϩ T cell compartments of HIV-infected individuals (16-18), there is clear evidence that immune activation brought on by unchecked HIV-1 replication has widespread deleterious effects on the immune system.
T he scope of B cell abnormalities in HIV-infected patients, first described almost 20 years ago (1) , has come to define a pervasive paradigm in HIV infection, namely that of immunodeficiency in the setting of virus-driven immune activation. Hallmarks of B cell abnormalities in HIV disease include hypergammaglobulinemia (2) (3) (4) , increased expression of activation markers (5) , increased levels of autoantibodies (6, 7) , increased risk of developing B cell lymphomas (8) , and decreased responsiveness to in vivo vaccination and ex vivo stimulation (9, 10) . The range of defects in B cell responses includes both T cell-dependent and -independent pathways (1, 11, 12) , suggesting that along with defects in CD4 ϩ T cell help, HIV infection causes intrinsic B cell defects. Recent studies have shown that the majority of these abnormalities are attributable to ongoing viral replication and are reversible by the suppression of plasma viremia with effective antiretroviral therapy (2, 6, (13) (14) (15) . In light of similar abnormalities described in the CD4 ϩ and CD8 ϩ T cell compartments of HIV-infected individuals (16) (17) (18) , there is clear evidence that immune activation brought on by unchecked HIV-1 replication has widespread deleterious effects on the immune system.
Insight into the apparent paradox that in vivo B cell hyperactivity translates into poor response to immunogens and ex vivo stimuli has remained elusive for almost two decades. However, with the availability of antiretroviral therapies that can effectively sustain the suppression of virus replication, it has become apparent that B cell hyperactivity and poor responsiveness to stimulation are directly linked to ongoing virus replication by mechanisms that may include cytokine deregulation, loss of memory B cells, and induction of terminal differentiation (15, 19, 20) . However, most studies on B cell function have been based primarily, if not exclusively, on responsiveness of B cells to exogenous surrogates of antigenic stimulation, such as soluble anti-Ig antibodies and trimeric CD40 ligand (CD154), triggers of the B cell receptor (BCR) and CD40, respectively.
The initiation of a humoral immune response to T celldependent antigens requires cognate interactions between antigen-specific B cells and activated antigen-specific CD4 ϩ T cells involving both cell-contact interactions and soluble factors. One of the most important contact-mediated interactions between B cells and CD4 ϩ T cells involves CD40 expressed constitutively on B cells and its membrane-bound ligand CD154 expressed on activated CD4 ϩ T cells (21). The expression of CD154 on activated CD4 ϩ T cells is induced after T cell receptor triggering by antigen-presenting cells, likely dendritic cells, and requires key costimulatory interactions between CD80͞CD86 on mature antigen-presenting cells and CD28 on CD4 ϩ T cells (22) . These interactions also induce CD4 ϩ T cells to secrete cytokines, which, together with expression of CD154, provide CD4 ϩ T cells with full helper function. T helper (Th) cells can be divided into Th1 and Th2 subsets, depending on which cytokines are produced during activation. B cells can respond to either subset, although Th2 responses involving IL-4, IL-10, and IL-13 have been more widely described among B cells than Th1 responses involving IL-2, IFN-␥, and IL-12 (23) . However, recent evidence from both in vivo (24) and in vitro (25) studies suggests that both Th1 and Th2 CD4 ϩ T cells provide help to B cells.
In the present study we have investigated the responsiveness of B cells of HIV-infected patients to CD4 ϩ T cell help in an autologous and physiologic system. We examined the impact of plasma viremia, both in cross-sectional and longitudinal settings, on the capacity of activated CD4 ϩ T cells to induce B cells to proliferate. We observed that although plasma viremia had no impact on the capacity of CD4 ϩ T cells to express CD154 upon activation, B cells of viremic patients showed poor proliferative responses that were found to correlate with reduced induction of CD25 on the surface of responding B cells.
Materials and Methods
Patients. Study subjects included patients chronically infected with HIV-1 and HIV-negative healthy donors (Table 1) . Initial observations were made by comparing HIV-viremic patients to HIV-negative donors. The effect of plasma viremia then was considered in cross-sectional analyses by pairing HIV-viremic patients with HIV-aviremic patients who had similar CD4 ϩ T cell counts. Finally, the cross-sectional analyses were extended to longitudinal analyses by comparing HIV-infected patients before and after reduction of plasma viremia. HIV-infected patients with high plasma viremia were antiretroviral drug-naive, not fully compliant with their antiretroviral regimens, or failing therapy, whereas those with low plasma viremia were receiving effective antiretroviral regimens. Leukapheresis was conducted in accordance with protocols approved by the Institutional Review Board of the National Institute of Allergy and Infectious Diseases.
Cell Preparation and Culture Conditions. CD4 ϩ T cells were isolated from leukapheresis-derived fresh peripheral blood mononuclear cells (PBMCs) by using an immunomagnetic column-based negative selection technique (StemCell Technologies, Vancouver) as described (26) . The same technique was used to isolate B cells from cryopreserved PBMCs. Purity of each cell population (Ͼ95%) was confirmed by flow cytometry. Cultures of 4 ϫ ND, not done; NA, not applicable. *Measured by ultrasensitive bDNA assay with a detection limit of 50 copies per ml of plasma. † IL-2 secretion and CD154 expression were measured on CD4 ϩ T cells activated with anti-CD3 and anti-CD28.
conjugated anti-human CD154 and mouse IgG1 isotype control (BD Biosciences). Cell surface levels of CD25 and CD80 on 48-h-stimulated B cells were measured with allophycocyaninconjugated anti-human CD19, PE-conjugated anti-human CD80, FITC-conjugated anti-human CD25, and appropriate mouse Ig isotype controls (BD Biosciences). Stained cells were analyzed with a FACSCalibur flow cytometer (BD Biosciences).
Statistical Analyses. Statistical associations between B cell proliferation and other variables were determined by the Spearman rank test for correlation.
Results

Determinants of B Cell Responsiveness to Activated CD4 ؉ T Cells.
Most studies on B cell function in HIV disease have focused on the response of B cells to surrogates of T cell-dependent and -independent antigenic stimulation. We and others have shown that B cells of viremic HIV-infected patients respond poorly to B cell stimuli such as BCR-or CD40-triggering agents (10, 15) . However, there is growing evidence that these in vitro surrogates of immunologic stimulation may not adequately reflect cognate interactions that occur in vivo between B cells and CD4 ϩ T cells (25, 27) . In addition, little is known about how HIV disease affects B cell responsiveness to CD4 ϩ T cell help. In an attempt to delineate B cell responses to CD4 ϩ T cell help in a physiologic context, we established an ex vivo autologous activation system with PBMCs derived from HIV-negative and HIV-positive donors as described in Table 1 . A fraction of the fresh PBMCs was used to isolate CD4 ϩ T cells, whereas another fraction was cryopreserved for subsequent isolation of B cells. The CD4 ϩ T cells were activated by using immobilized anti-CD3 mAbs alone or in the presence of a variety of stimuli that enhance the expression of CD154, including soluble anti-CD28 mAbs and cytokines IL-2 and IL-12. After 40 h, the activated CD4 ϩ T cells were analyzed for surface expression of CD154 and irradiated before addition of B cells purified from the cryopreserved PBMCs. In addition to CD154, proliferation of B cells in this system required the presence of cytokines obtained either by restimulation of irradiated CD4 ϩ T cells with anti-CD3 (25) or by addition of exogenous cytokines. Fig. 1 A depicts a typical profile of CD4 ϩ T cell activation and corresponding B cell proliferation using cells from HIV-negative donors. Proliferation of B cells correlated with the level of surface expression of CD154 on activated CD4 ϩ T cells. To identify the determinants of B cell proliferation in this system, various neutralizing antibodies were added to B cells that were cocultured with anti-CD3͞anti-CD28-activated CD4 ϩ T cells under conditions that did not require addition of exogenous cytokines, namely restimulation with immobilized anti-CD3. Under these conditions, B cell proliferation was inhibited almost completely by the combination of anti-CD154 and anti-IL-2 mAbs, whereas the individual Abs suppressed proliferation substantially, but in most cases less than did the combination (Fig. 1B) . Furthermore, the addition of anti-IL-2 and anti-CD154 mAbs had no effect on the proliferation of B cells stimulated with PMA, a B cell mitogen that acts through a CD40-independent pathway, indicating that these antibodies were not exerting nonspecific inhibitory effects on B cells. Taken together, these data indicate that, in the system used in this study, B cell proliferation in response to CD4 ϩ T cell help is dictated by the availability of CD154 and IL-2. Fig. 1 A, a striking dichotomy was observed between the responses of HIV-negative versus HIV-infected viremic patients. Although the level of CD154 expression was comparable between HIV-infected and HIV-negative donors, the B cells of the HIV-infected patient showed a poor proliferative response compared with the B cells of the HIV-negative donor. When these analyses were extended to five pairs of HIV-negative and HIV-infected viremic patients examined in parallel, the same dichotomous pattern of comparable CD154 induction on acti- (Table 1 , group 1) and poor B cell proliferation in HIV-infected patients was observed (Fig. 2 A) . The B cells of HIV-negative donors proliferated a median of 4.1-fold (1.9, 10.2) higher than the B cells of the viremic patients. Given that under these culture conditions the source of IL-2 was endogenous, poor B cell proliferation also could have been caused by reduced levels of IL-2 secretion by the activated CD4 ϩ T cells of the HIV-infected viremic patients. However, this was likely not the case, because similar, if not elevated, levels of IL-2 were measured in the culture supernatant of HIV-infected viremic patients compared with that of HIV-negative donors (Table 1) .
To address the effect of plasma viremia on B cell responsiveness to CD4 ϩ T cell help, we studied HIV-infected patients at high and low plasma viremia in both cross-sectional and longitudinal settings (Table 1) . To eliminate the potentially confounding variable of the presence of endogenous IL-2 in the B cell-CD4 ϩ T cell cocultures (Table 1) , IL-2 was added as an exogenous source of cytokine in lieu of restimulation with anti-CD3 mAb. As shown in Fig. 2B , B cells from 10 crosssectional HIV-infected patients matched for CD4 ϩ T cell counts were analyzed in pairs of parallel cocultures. The B cells of the aviremic patients proliferated a median of 2.0-fold (1.0, 8.7) higher than the B cells of the viremic patients. When the assay system was extended to longitudinal analyses where viremic patients were investigated before and after undergoing effective antiretroviral therapy, the differences in B cell proliferation were even more pronounced than in the cross-sectional analyses. As shown in Fig. 2C for five patients investigated at high and low plasma viremia, the B cells of patients at high plasma viremia proliferated a median of 5.2-fold (1.6, 22) lower than when the patients were at low plasma viremia. Of note, in contrast to the cross-sectional analyses, the reduction in plasma viremia in longitudinal analyses also was associated with an increase in CD4 ϩ T cell count (Table 1 ). In addition, B cells showed enhanced proliferation when they were added to effector CD4 ϩ T cells obtained at low, rather than high, plasma viremia (data not shown). Taken together, these data suggest that HIV replication, as manifested by high plasma viremia, has a detrimental effect on B cell responsiveness to CD4 ϩ T cell help and that lower CD4 ϩ T cell counts associated with high levels of viremia may further impair B cell-CD4 ϩ T cell interactions. (Table 1) . To further pursue this observation, we performed comparisons between proliferation of B cells and the level of CD154 expression on corresponding autologous, activated CD4 ϩ T cells of all HIVinfected patients studied. As shown in Fig. 3A , no significant correlation was found between B cell proliferation and levels of CD154 on activated CD4 ϩ T cells, confirming the preliminary observation that lower B cell proliferation in HIV-viremic patients was not associated with lower levels of CD154 on the stimulatory CD4 ϩ T cells. In contrast, a strong correlation was found between B cell proliferation and the capacity of these cells to up-regulate CD25 (Fig. 3B) , the inducible component of high-affinity IL-2 receptor complexes. These data suggest that the reduced levels of B cell proliferation observed in HIVinfected viremic patients were associated with a reduced capacity to up-regulate their high-affinity IL-2 receptor complexes in response to activation signals, including those provided by CD4 ϩ T cell help.
B Cell Response to BCR-IL-2 Stimulation.
Having demonstrated that poor induction of CD25 on B cells of HIV-infected patients in response to CD4 ϩ T cell help was contributing to the impaired proliferation of these B cells, we sought to determine whether low CD25 induction was unique to activation of B cells by CD154-expressing CD4 ϩ T cells. Thus, we investigated the Fig. 2 . Effect of plasma viremia in HIV infection on B cell proliferation in response to activated CD4 ϩ T cells. CD4 ϩ T cells isolated from patients described in Table 1 were stimulated for 40 h with anti-CD3͞CD28 (A) or anti-CD3͞CD28 ϩ IL-2͞IL-12 (B and C), irradiated, and cocultured with B cells in the presence of immobilized anti-CD3 (A) or IL-2 (B and C). Three sets of patients were compared: HIV-infected viremic versus HIV-negative (A), cross-sectional HIV-infected viremic versus HIV-infected aviremic with matched CD4 ϩ T cell counts (B), and longitudinal HIV-infected viremic versus HIV-infected aviremic (C). Inset legends identify paired patients from Table 1 , and, for sets A and B, assays on paired patients were performed in parallel on the same day. All culture conditions were performed in triplicate with standard deviation indicated by the error bars. (Fig. 4B) . Thus, viremic HIV-infected individuals manifest a fundamental defect in their ability to mount a proliferative response to both CD4 ϩ T cell-dependent and -independent activation signals, and the common denominator of this defect is an impaired ability to up-regulate CD25 expression, which is required for a normal response to IL-2.
Discussion
In the present study, we have demonstrated that active HIV replication, as manifested by plasma viremia, has a direct, detrimental effect on B cell responsiveness to CD4 ϩ T cell help. B cell responsiveness to CD4 ϩ T cell help depends on the expression of CD154 on CD4 ϩ T cells, the availability of IL-2, and the expression of activation markers on responding B cells. In both cross-sectional and longitudinal analyses, poor responses of B cells to CD4 ϩ T cell help were directly correlated with an inability of B cells to up-regulate CD25 despite the presence of normal expression of CD154 on the surface of CD4 ϩ T cells. Similar defects in B cell proliferation in response to IL-2 were seen in viremic HIV-infected individuals even when cells were stimulated via the BCR, suggesting that a fundamental defect in the ability of B cells to up-regulate CD25 in response to normal immunologic stimulation is associated with HIV viremia.
We and others have shown that B cells of HIV-infected individuals respond poorly to surrogates of antigenic stimulation and that loss of B cell function is clearly related to high levels of plasma viremia (10, 15) . However, this study establishes a more physiologic portrait of B cell dysfunction by investigating the response of B cells to activated CD4 ϩ T cells in an autologous system. The importance of our findings is underscored by recent studies (25, 27) and our unpublished observations showing that soluble forms of CD154 or membrane forms expressed on CD154-transfected cells do not adequately substitute for CD154 expression on activated CD4 ϩ T cells in the induction of IL-2-dependent B cell proliferation. These observations indicate that CD154 alone in the presence of IL-2 is not sufficient for the induction of B cell proliferation and that CD154 expression on the surface of activated CD4 ϩ T cells is necessary for this IL-2-CD25 interaction.
The effect of HIV infection on the expression of CD154 on CD4 ϩ T cells of HIV-infected patients has been the subject of conflicting reports, some showing decreased levels before or after in vitro stimulation (28-31), others showing either no effect or enhancing effects (20, 32, 33) . Although many of these discrepancies may be related to differences in immunologic and virologic status of the patient (29) , others may be related to the lability of CD154 expression after CD40 ligation (34) and differences between preformed or induced forms of the protein (21, 35). Most studies that showed reduced induction of CD154 on activated CD4 ϩ T cells of HIV-infected patients used assay conditions that would be more consistent with preformed levels of CD154 (28, 30, 31) , whereas our assay conditions would be more consistent with induced levels of CD154. Furthermore, cell membrane alterations induced by chronic activation in HIV (A.M. and S.M., unpublished observations) and other inflammatory diseases (21) potentially could have impacted CD154-CD40 interactions involved in B cell responses that we and others have reported. Hence, although our findings do not exclude defects in CD4 ϩ T cell helper function, they suggest that the defect is not caused by inadequate induction of CD154.
Lack of B cell proliferation in response to CD4 ϩ T cell help in HIV-infected patients was found to correlate with impaired induction of cell surface markers associated with B cell activation. Of particular relevance to the IL-2-dependent system described herein was the depressed induction of CD25, the component of the IL-2 receptor complex that is required for high-affinity IL-2 binding and signal transduction (36) . The induction of CD25 on the surface of B cells of HIV-infected viremic patients was found to be defective in response to activated CD4 ϩ T cells as well as in the setting of BCR stimulation ( Fig. 4; A.M., unpublished observations), suggesting an intrinsic B cell defect in HIV-infected viremic patients. Reports on the effect of HIV infection on CD25 expression have been somewhat controversial, with one report showing enhanced levels of CD25 on B cells of HIV-infected patients (37) and other studies reporting either no or depressed effects (5, 38, 39) . These latter findings, combined with our data, agree with several studies on unfractionated PBMCs and CD4 ϩ and CD8 and that IL-2-producing uncommitted CD4 ϩ T cells constitute a substantial fraction of antigen-primed cells with capacity to differentiate into either Th phenotype (43) .
In summary, we demonstrate that defective B cell responsiveness to CD4 ϩ T cell help in HIV-infected viremic patients is associated with impaired induction of B cell activation markers, most notably CD25. Defects in B cell responsiveness associated with IL-2-CD25 interactions may provide new insight into the inadequacy of antibody responses against HIV and associated opportunistic infections.
We thank Patricia Walsh for editorial assistance, the patients for their participation in this study, the National Institute of Allergy and Infectious Diseases study coordinators and case managers for recruiting and managing the patients, and Julie Metcalf for coordinating patient samples.
